Grala TM, Kay JK, Phyn CVC, Bionaz M, Walker CG, Rius AG, Snell RG, Roche JR. Reducing milking frequency during nutrient restriction has no effect on the hepatic transcriptome of lactating dairy cattle.
THE RUMINANT LIVER HAS MULTIPLE roles in the lactating dairy cow (5) , and multiple studies have investigated the hepatic transcriptome during lactation because of the importance of the liver in regulating nutrient supply (12) . Altering the negative energy balance of an early-lactating cow, by changing milking frequency and nutrition, alters the hepatic transcript abundance of genes involved in cell signaling, metabolic diseases, and connective tissue development (31) . Several of the pathways identified by these authors [peroxisome proliferator activated receptor (PPAR) signaling, bile secretion, biosynthesis of unsaturated fatty acids (FA), FA digestion and absorption] are involved in lipid metabolism (31) , highlighting the importance of this process during early lactation. Additionally, ketosis induced by nutrient restriction in early-lactating cows was associated with the downregulation of genes involved in oxidative phosphorylation and the upregulation of genes involved in cytokine signaling, FA uptake by the liver, and FA oxidation (28) . The physiological processes underlying negative energy balance during early lactation are also well researched, and the molecular changes in response to a short period of feed deprivation have been reported (10, 28, 31) ; however, there is limited literature regarding the effect of strategies used to alleviate the negative energy balance caused by a feed restriction.
Reducing milking frequency to once daily (1ϫ) is a management strategy proposed to alleviate periods of negative energy balance, as the reduction in milking frequency reduces the energy demands of the mammary gland (42) . Decreased milk production and, therefore, energy output through 1ϫ milking result in greater plasma glucose concentrations and lower nonesterified fatty acid (NEFA) concentrations (32) . Furthermore, in an experiment designed to investigate 1ϫ milking during a feed shortage without the confounding effects of the lactation-induced negative energy balance, Kay et al. (27) reported greater plasma glucose, insulin, and insulin-like growth factor I, and lower plasma NEFA and ␤-hydroxybutyrate (BHBA) concentrations when cows were milked 1ϫ during a feed restriction compared with milking cows twice daily (2ϫ). These results reflect an improved metabolic status in cows milked 1ϫ and led to the hypothesis that the improved energy status associated with 1ϫ milking during an energy restriction would be reflected in changes in the hepatic transcriptome. Therefore, the objective of this experiment was to measure the hepatic transcriptome in cows milked 1ϫ or 2ϫ, to determine the effect of reduced MF during an energy deficit induced by feed restriction rather than the initiation of lactation.
MATERIALS AND METHODS

Experimental Design and Treatments
The study was conducted at the Westpac Trust Agriculture Research Station (Hawera, 39°35= S 174°17= E) from July 2009 to April 2010. All treatments and measurements were approved by the Ruakura Animal Ethics Committee, Hamilton, New Zealand.
The experimental design and grazing management were as described previously (27) . In brief, multiparous Holstein-Friesian and Holstein-Friesian ϫ Jersey dairy cows (n ϭ 120, 4 Ϯ 2 parity mean Ϯ SD) were grazed on pasture as one herd [to target postgrazing residuals of Ͼ1,600 kg dry matter (DM)/ha] and milked twice daily (2ϫ) for the first 34 Ϯ 6 days in milk (mean Ϯ SD) to avoid the confounding effects of the postpartum negative energy balance. Cows were then allocated to one of four treatments (n ϭ 30 per treatment) in a 2 ϫ 2 factorial arrangement. Treatments consisted of two milking frequencies (1ϫ or 2ϫ) and two feeding levels [adequately fed (AF) or underfed (UF)] and were imposed for 3 wk. Daily milking times were 0700 for 1ϫ (24 h milking interval) and 0700 and 1500 for 2ϫ (16/8 h milking interval). To reduce variability due to days in milk, cows were grouped into two experimental cohorts: cows that calved from 17 July to 7 August (n ϭ 66) were included in cohort 1, and cows that calved from 8 August to 1 September (n ϭ 54) were included in cohort 2. Both cohorts were managed identically. All cows grazed in the same paddock and were separated by doublestranded electric fences during the 3 wk treatment period to control pasture allowance and prevent back grazing. At the start of the treatment period, pasture allowances were incrementally increased or decreased over a 3-day period to target an average DM intake of 15 or 9 kg DM/cow per day in the AF and UF treatments, respectively (27) . Following the treatment period, all animals were milked 2ϫ and grazed together to target postgrazing residuals Ͼ1,600 kg DM/ha for 20 wk.
Animal Production Measures
The milk production, body weight (BW), body condition score (BCS, 10-point scale; Ref. 38) , and plasma hormone and metabolite concentrations were measured as described previously (27) . Individual milk yields were recorded at each milking (GEA, Oelde, Germany), and milk samples were collected weekly from the AM and PM milkings on the same day each week. Energy-corrected milk (ECM) was calculated as follows: ECM (kg/cow/day) ϭ milk weight (kg/ cow/day) ϫ (383 ϫ fat% ϩ 242 ϫ protein% ϩ 783.2)/3,140 (41) . Individual BW and BCS were determined weekly on the same day each week by the same person for 2 wk pretreatment until 10 wk posttreatment initiation and then fortnightly on the same day thereafter. Blood samples were collected weekly on the same day each week after the AM milking for 2 wk pretreatment until 10 wk posttreatment initiation, then fortnightly for 4 wk, and monthly thereafter. Samples were collected from the coccygeal vein of each cow into a 10 ml evacuated blood tube containing 100 IU of sodium heparin/ml, placed on ice, and centrifuged at 1,120 g for 12 min at 4°C. Plasma was harvested and stored at Ϫ20°C before being analyzed for glucose, insulin, BHBA, aspartate aminotransferase (AST), and NEFA. Insulin (22) was measured in duplicate by double-antibody radioimmunoassay, with inter-and intra-assay coefficient of variation (CV) Ͻ6%. Insulin antiserum (GP2, 21/7/80), donated by Peter Wynn (Commonwealth Scientific and Industrial Research Organisation, Division of Animal Production, Blacktown, New South Wales, Australia), was raised in guinea pigs with bovine insulin (BI 4499; Ely Lilly, West Ryde, Sydney, Australia). Validation for bovine plasma was as previously reported (8) . The AST, NEFA, glucose, and BHBA analyses were performed at 37°C on a Modular P800 analyzer (Roche, Basel, Switzerland) by Gribbles Veterinary Pathology (Hamilton, New Zealand). The inter-and intra-assay CV were Ͻ2%.
Statistical analysis. Pretreatment measurements of production data and hormone and metabolite data were used as a covariate, and means of daily data for week 3 were calculated for individual cows. Visual inspection of a residual plot was used to check for homogeneity of the variance and for the presence of outliers. Data were analyzed with mixed models fitted with REML in GenStat (version 14.1, VSN International, 2011), including cohort, feeding level, milking frequency, and the interaction of feeding level and milking frequency as fixed effects, with cow as a random effect. Differences were considered significant at P Ͻ 0.05.
Tissue Sampling
Liver tissue was biopsied at week 3 relative to treatment start from 12 cows randomly selected in each treatment and balanced for cohort. Controlled intravaginal drug-releasing devices containing progesterone (Zoetis, Auckland, New Zealand) were inserted 2 days prior to and removed on the day of biopsy to prevent estrous-associated behaviors that could have potentially damaged the healing biopsy sites. Percutaneous liver samples were collected as described previously (19, 30) , immediately snap-frozen in liquid nitrogen, and stored at Ϫ80°C until RNA extraction.
Extraction of RNA
Total RNA was isolated from ϳ30 mg of each liver biopsy as previously described (19) with a QIAGEN RNeasy kit (QIAGEN, Hilden, Germany). Extracted RNA was treated with DNase (Ambion DNA-free kit; Ambion, Austin, TX). RNA quantity, purity, and integrity were determined by using a NanoDrop ND-1000 (NanoDrop Technologies, Wilmington, DE) and the Agilent 2100 Bioanalyzer with a RNA 6000 Nano LabChip kit (Agilent Technologies, Palo Alto, CA). Samples with an A260/A280 Ͼ 1.7 and an RNA integrity number Ͼ 7 (mean 8.7 Ϯ 0.5 SD) were used for downstream analysis. All RNA samples were stored at Ϫ80°C. Of the 48 liver biopsies, RNA was successfully extracted from 45; in three samples the RNA was degraded. Final numbers were 2ϫAF ϭ 12, 2ϫUF ϭ 10, 1ϫAF ϭ 12, 1ϫUF ϭ 11.
Microarrays
cRNA synthesis, labeling, and purification. Cy5-labeled experimental cRNA samples were generated from RNA isolated from liver tissue taken at week 3 using a Low Input Quick Amp (LIQA) kit (Agilent Technologies), following the manufacturer's instructions. For all samples, 150 ng of total RNA (n ϭ 45) was used to generate first-strand cDNA. Agilent Spike-In B control RNA was included in each reaction. After the denaturation step (10 min at 65°C) and cRNA synthesis step (2 h at 40°C), the reactions were incubated at 70°C for 15 min to inactivate the AffinityScript enzyme. For labeling, cRNA samples were each mixed with 6 l of Transcription Master Mix cocktail containing Cy5 dye and incubated at 40°C for 2 h. Purification was performed with RNeasy mini spin columns (QIAGEN), eluting in 30 l of RNase-free water.
For the generation of the reference, equimolar amounts from all of the individuals at 3 wk were pooled to give 150 ng of total RNA used in eight first-strand reactions, which were then combined. Using a pooled reference from experimental samples reduces the number of extreme gene ratios that have large errors associated with them. It also ensures no loss of information when expression ratios are calculated (15, 44) . Spike-In A control RNA was included in each reaction. After labeling with Cy3 and column purification as above, a common reference pool was created by combining all replicates.
Microarray hybridization and scanning. Experimental samples of Cy5-labeled cRNA and the reference pool labeled with Cy3 were quantified on a NanoDrop ND-1000. All samples had sufficient dye incorporation with a mean (Ϯ SD) of 14.51 Ϯ 2.25 pmol Cy5/g cRNA as per manufacturer's recommendation (Agilent) and an appropriate RNA absorbance ratio with a mean of 2.27 Ϯ 0.12. The Cy3 incorporation value for the reference pool was 12.61 pmol Cy3/g cRNA and an RNA absorbance ratio of 2.1.
Frozen-labeled cRNA was transported to the Ramaciotti Centre for Gene Function Analysis (Sydney, Australia) where hybridization, scanning, and feature extraction were executed. Hybridization mixtures were loaded in random arrangements with respect to treatments (as each slide contained four arrays) onto 44K oligo bovine V1 microarrays (Agilent-015354) using Agilent SureHyb Hybridization Chambers and incubated for 17 h at 65°C. Slides were scanned after being washing on an Agilent SureScan Microarray Scanner at 5 m resolution. The scanned images files were uploaded to the feature extraction software (Agilent feature extraction software version 10.7.3.1), where the features within each file were located, and data from each feature converted to a log 2 ratio. Pixel outliers and background were removed, and any outlying features were flagged before a LOWESS dye normalization was used.
Data analysis and statistics. We achieved data filtering through the use of GeneSpring GX 12.5 (Agilent), by importing the output from the feature extraction process. Data that were flagged as marginal or absent were excluded, leaving 15,789 from a possible 22,000 probes, as were probes that did not meet the raw intensity unit criteria (lower cut-off, 20th percentile; upper cut-off, 100th percentile), resulting in 14,360 probes. If probes met the raw intensity units in at least all of the samples in one group but not the other groups, they were not excluded so not to eliminate lowly expressed probes that may be reduced due to treatment effects. We identified transcripts where possible by querying microarray probe sequences against the bovine genome (Btau5.1) with BLAST (http://blast.ncbi.nlm.nih.gov/ Blast.cgi, Ref. 2). Data from probes annotated to the same gene were then combined to generate an average log 2 value for each gene that was then exported for analysis. Using this gene-level approach for analyzing the data ensures only robust changes in gene expression were identified; however, this was at the expense of any variation in different transcript expression. The gene-level combination resulted in 13,882 genes of which 8,892 were fully annotated. The microarray data were uploaded to the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GSE47925).
Data were analyzed by mixed models fitted with REML in GenStat (version 14.1, VSN International, 2011), including cohort, feeding level, milking frequency, and the interaction of feeding level and milking frequency as fixed effects and cow as a random effect. Six Holstein-Friesian ϫ Jersey cows and 39 Holstein-Friesian cows were used for the microarray; however, there were no breed effects or interactions with breed. Storey with Bootstrapping (43) was used to correct for multiple testing, with the definitions of false rejection rate and power as given in Genovese and Wasserman (18) . This method was used as it takes into account the estimated proportion of nondifferentially expressed genes, thereby reducing false negatives. This method is increasingly being used to analyze microarray datasets from a variety of biological backgrounds (11, 25, 34) . Differences were considered significant at a corrected P value of Ͻ 0.05, which corresponds to an uncorrected P value of 0.0294.
Pathway analysis. A list of differentially expressed genes (corrected P Ͻ 0.05) due to the energy restriction and their corresponding fold-changes were used in functional pathway analysis. First, MetaCore from GeneGo (Thomson Reuters), an overrepresentation analysis, was used. No fold-change threshold was applied, and pathways or metabolic networks with an enrichment of P Ͻ 0.05 were classed as biologically relevant (i.e., significant). Second, the dynamic impact approach (DIA, Ref. 7) was utilized to determine the impact of treatments on pathways by calculating the overall impact and the direction of the impact (flux) due to expression changes in genes coding for proteins involved in those pathways. The impact and direction of the impact for KEGG pathways were calculated only for those pathways that were represented by at least 30% in the microarray compared with the entire bovine genome and with at least four annotated bovine genes within that pathway. Pathways with an impact Ͼ40 were considered relevant.
Quantitative Reverse Transcription-Quantitative PCR cDNA synthesis. For cDNA synthesis, 2 g of each RNA sample and a final concentration of 27 M of random pentadecamer primers (Sigma-Aldrich) were used. Total RNA was reverse transcribed with the Invitrogen Superscript III Supermix kit (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions (final volume ϭ 40 l). Reverse transcription controls were generated, whereby the above process was completed without the addition of superscript enzyme. The cDNA samples were stored at Ϫ20°C.
mRNA analyses. The expression of 13 genes identified as significantly altered by the energy restriction was measured by real-time quantitative PCR (qPCR). The qPCR was performed using Roche real-time PCR master mix (LightCycler 480 Probes Master), and Roche Universal Probe Library assays were analyzed on the Roche LightCycler 480 (Roche Diagnostics, Mannheim, Germany). Assays were designed against publicly available bovine gene sequences (NCBI, http://www.ncbi.nlm.nih.gov/gene) using Roche Universal Probe Library design software. Assays were designed to span an intron-exon boundary of genes and specificity of assays tested by BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi, Ref.
2). The details of the assays are available in Table 1 . Primers were manufactured by Invitrogen or Sigma at 50 or 25 nmol, respectively, and purified by desalting. The qPCR reaction volume was 10 l consisting of 4 l of cDNA and 6 l of master mix (5 l of Roche Probes Master, 0.4 l of each 5 M primer, 0.075 l of probe, and 0.125 l of H2O). Solutions were transferred by an epMotion 5075 robot (Eppendorf, NSW, Australia) before plates were transferred into the LightCycler 480. Standard cycling conditions were used [95°C for 10 min, (95°C for 10 s, 60°C for 30 s) ϫ 45 cycles, 40°C for 40 s]. Each qPCR run included two negative controls (i.e., a no-template control with water added instead of cDNA and a reverse transcriptase negative control generated from a random sample) and three interrun calibrators. Interrun calibrators (24) were samples selected from various treatment groups. Triplicate measurements were performed for all samples, and standard curves with SD of Ͻ0.15 cycles were used for quantitation. We tested assays for specificity by running an agarose gel (3%, 130 V for 30 min) of the PCR products to ensure amplicon specificity and length. The efficiency of each assay was between 1.82 and 2.0, except for glutathione peroxidase 3 (GPX3, 1.65).
The crossing point values for each amplification curve were calculated by the LightCycler 480 Abs Quant/2nd derivative max method (37) provided in the LightCycler 480 Relative Quantification software module (release 1.5.0.39). A five-point standard curve of threefold serial cDNA dilutions was used. Candidate endogenous control genes were selected based on high endogenous expression and stability across treatment groups. Cytochrome c oxidase subunit IV isoform 1 (COX4I1) family with sequence similarity 120A (FAM120A) and ribosomal protein, large, P0 (RPLP0) were selected from the microarray dataset, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), ribosomal protein S15a (RPS15A), and tyrosine 3-mono-oxygenase/tryptophan 5-mono-oxygenase activation protein, zeta polypeptide (YWHAZ) were selected on the basis of previous studies. Endogenous control genes were tested across all samples, and their suitability determined with NormFinder and GeNorm (3, 45) . The three most stable genes were COX4I1 (stability values, NormFinder ϭ 0.044, GeNorm ϭ 0.249), RPS15A (stability values, NormFinder ϭ 0.054, GeNorm ϭ 0.281), and YWHAZ (stability values, NormFinder ϭ 0.071, GeNorm ϭ 0.305) with a combined GeNorm V-value of 0.079; however, RPS15A had high intergroup variation so was excluded. We then used the Roche LightCycler 480 Software to perform advanced relative quantification analysis of gene expression using the normalization factor of the two endogenous control genes. The geometric mean of the interrun calibrators was calculated for each plate and applied to each sample as described in Ref. 24 .
Calculations and statistical analysis for qPCR. Data from each gene were log 10-transformed prior to analysis, due to heterogeneity of variance. Data were analyzed by mixed models fitted with REML in GenStat (version 14.1, VSN International, 2011), including cohort, feeding level, milking frequency, and the interaction of feeding level and milking frequency as fixed effects, with cow as a random effect. Differences were considered significant at P Ͻ 0.05. Correlations between the expression ratios of the microarray and qPCR data were measured with the Pearson's correlation coefficient.
RESULTS
DM Intake
DM and energy intakes are described in Kay et al. (27) . Briefly, average DM and metabolizable energy (ME) intake ENERGY BALANCE, 1ϫ MILKING, AND THE HEPATIC TRANSCRIPTOME were 14.3 Ϯ 3.6 kg DM/cow per day and 173 Ϯ 44 MJ ME/cow per day, respectively, for AF treatments and 8.3 Ϯ 2.9 kg dry matter/cow per day and 100 Ϯ 35 MJ ME/cow per day, respectively, for the UF treatments.
Production Measures
ECM production, BCS, BW, and plasma hormone and metabolite data from the whole lactation are presented in Kay et al. (27) . Data from all cows involved in the trial and relevant to the present publication are presented in Table 2 . In brief, at week 3, ECM was reduced with UF (P Ͻ0.001), such that UF2ϫ cows produced 35% less ECM than AF2ϫ cows, and UF1ϫ cows produced 29% less ECM than AF1ϫ cows. In contrast, AF1ϫ and UF1ϫ cows continued to produce 20 and 12% less ECM than AF2ϫ and UF2ϫ cows, respectively. Cows that were UF and milked 1ϫ produced 43% Grazing cows (n ϭ 120) were adequately fed (AF; 14.3 Ϯ 3.6 kg dry matter/cow/day) or underfed (UF; 8.3 Ϯ 2.9 kg dry matter/cow/day) and milked once (1ϫ) or twice (2ϫ) daily for 3 wk from treatment start. Plasma measures were log10 transformed and are displayed with back-transformed values in parentheses. Pretreatment measurements taken at Ϫ1 wk relative to the start of the treatment period were used as covariates. AST, aspartate aminotransferase; BHBA, ␤-hydroxybutyrate; NEFA, nonesterified fatty acid; SED, standard error of the difference between the means; MF, milking frequency; FL, feeding level.
less ECM compared with those that were AF and milked 2ϫ (P Ͻ0.001).
During week 3, plasma BHBA and NEFA content were greater (P Ͻ0.001) in UF cows and less (P Ͻ0.001) in 1ϫ cows, compared with AF and 2ϫ cows, respectively (Table 2) . Plasma concentrations of BHBA and NEFA were 98 and 207% greater in UF cows, respectively. At week 3, plasma glucose and insulin concentrations were greater (P Ͻ0.01) in cows milked 1ϫ compared with 2ϫ and in AF compared with UF cows (Table 2) . Plasma AST was also increased in UF cows compared with AF cows.
Microarray
There was no effect of 1ϫ milking on hepatic gene transcription, and we detected no interactions between feeding level and milking frequency using a corrected P value of Ͻ0.05. However, there were 2,987 differentially expressed genes (DEG, corrected P Ͻ0.05) identified between AF and UF cows (Supplementary Table S1 ), of which 17 were upregulated Ͼ2.5-fold and eight were downregulated Ͼ2.5-fold, in UF relative to AF cows (Table 3) . 1 qPCR There were strong correlations between the expression ratios of the microarray and qPCR results (P Ͻ0.001, Table 4 ) across transcripts both up-or downregulated and with various degrees of fold-change. 1 The online version of this article contains supplemental material. Correlations between expression ratios were calculated with individual cow data and Pearson's coefficient. Abbreviations defined in Table 1 footnote.
Pathway Analysis
The overall effect of DEG due to the energy restriction on overall categories of KEGG pathways is presented in Fig. 1 . The most affected pathways (impact Ͼ40, n ϭ 31) and the direction of the impact within these categories as determined by the DIA are presented in Fig. 2 . The data indicate that pathways related to metabolism were the most affected overall by energy restriction, with a larger inhibition of main metabolic pathways, such as energy and lipid metabolism, and the metabolism of vitamins. Within metabolism, the data indicate that feed-restricted cows had an overall inhibition of hepatic lipid synthesis, as indicated by the lower expression of genes in several pathways, such as of "biosynthesis of unsaturated fatty acids," "fatty acid," and "steroid biosynthesis" (Fig. 2) . Energyrestricted cows had a lower production of energy through the mitochondria compared with AF cows, as indicated by the inhibition of "oxidative phosphorylation" (Fig. 2) . The UF cows had a larger induction of secondary metabolism (Fig. 1 Fig. 1 . Impact of differentially expressed genes (DEG) between adequately fed (AF) and underfed (UF) cows on categories and subcategories of pathways as calculated by the Dynamic Impact Approach. Solid filled bars denote the "impact" (i.e., overall effect of the DEG on the category of pathways) and the gradient-filled bars denote the "flux" (or direction of the impact due to the effect of the DEG on categories of pathways, i.e., reduced in UF vs. AF center-to-left bars or induced in UF vs. AF center-to-right bars).
inhibited in UF compared with AF cows (Fig. 1) with the strongest inhibition observed for "vitamin B6 metabolism" (Fig. 2) . The data also indicate a slightly higher induction of pathways related to transcription, translation, and cell motility in energy-restricted cows. Among those, the "PPAR signaling pathway" was most affected (Fig. 2) . Finally, cell growth and death-related pathways were overall inhibited by energy restriction ( Fig. 1) , with "P53 signaling pathway" being the most affected pathway (Fig. 2) . Networks and metabolic pathways identified by GeneGo are described in Tables 5 and 6 . Lipid and carbohydrate metabolism were strongly represented as important metabolic networks, while oxidative phosphorylation, cytoskeleton remodeling, and cell signaling pathways were identified as key pathways altered by the energy restriction.
DISCUSSION
In the present study, restricting the energy intake of grazing dairy cows for 3 wk during early lactation induced significant changes in hepatic gene expression. The effects of 3 wk of nutrient restriction on the hepatic transcriptome in grazing dairy cows, such as the coordinated response to maintain glucose production, are similar to previous reports on the short-term effects of energy restriction in housed cows fed a more energy-dense diet (1, 10, 28, 31) . This supports the premise that similar mechanisms are enacted in response to energy deficits in different dairy systems.
On examination of metabolite concentrations, it appeared that a lower milking frequency reduced the degree of negative energy balance caused by energy restriction. UF cows milked 1ϫ had reduced plasma concentrations of NEFA and BHBA and greater glucose concentrations than UF cows milked 2ϫ. However, there was no effect on the hepatic transcriptome as there were no interactions between milking frequency and the energy restriction, indicating that by 3 wk of an energy restriction, the liver has adapted to any differences in output between cows milked 1ϫ and those milked 2ϫ. It is possible, that had the liver been biopsied during the first week of the energy restriction and the hepatic transcriptome measured when the liver was still adapting, transcriptional differences may have been measured between cows milked 1ϫ and those milked 2ϫ.
Carbohydrate Metabolism
Underfeeding cows altered pathways involved in carbohydrate metabolism, probably reflecting the need to maintain plasma glucose concentrations during the period of the energy restriction (33) . Pathways that utilize glucose and important glucose precursors, such as "tricarboxylic acid (TCA) cycle" and "pentose phosphate" were inhibited by underfeeding. "Thiamine metabolism" and "vitamin B6 metabolism" were also inhibited as thiamine (vitamin B1) is an important cofactor for reactions in the TCA cycle and the pentose phosphate pathway (17) , and vitamin B6 is an important cofactor in glycogen breakdown (glycogenolysis). Even though glycogenolysis is crucial during the first few hours of starvation to provide gluconeogenic precursors, this process is switched off during the later stages of starvation (33) . Therefore, genes involved in processes that utilize gluconeogenic precursors [succinate dehydrogenase complex, subunit A (SDHA)] and the metabolism of cofactors that support these processes [pyridoxamine 5=-phosphate oxidase (PNPO), nitrogen fixation 1 homolog (NFS1)] were downregulated (Ϫ1.24-, Ϫ1.28-, and Ϫ1.26-fold respectively), thereby supporting increased glucose production. The activated pathways in UF cows compared with AF cows associated with carbohydrate metabolism, such as "ascorbate and aldarate metabolism" and the GeneGo pathway "glycolysis, gluconeogenesis, and glucose transport," and the increased expression of genes involved in these processes [fructose-1,6-bisphosphatase 1 (FBP1), 1.30-fold; pyruvate carboxylase (PC), 1.47-fold] reflect an increase in the synthesis of glucose precursors and an increase in hepatic gluconeogenesis. Increased production of pyruvate from acetyl-coA can occur through greater expression of forkhead box O1 (FOXO1) and pyruvate dehydrogenase kinase, isozyme 4 (PDK4), which were both upregulated by underfeeding (1.16-and 2.25-fold, respectively). FOXO1 activity is reportedly enhanced during periods of low insulin concentrations (46) , as was the case in UF animals. FOXO1 activates transcription of PDK4 (21), subsequently inhibiting the pyruvate dehydrogenase complex. This limits conversion of pyruvate to acetyl-CoA and enhances the use of pyruvate for gluconeogenesis (36) . The increased glucose production may have also come from greater lactate utilization; lactate dehydrogenase B (LDHB) was upregulated Boldfaced genes are upregulated, lightfaced genes are downregulated by energy restriction. DEG, differentially expressed genes. Boldfaced genes are upregulated, lightfaced genes are downregulated by energy restriction.
1.22-fold in UF cows, likely increasing the production of pyruvate from lactate (33) . This upregulation of LDHB is crucial during an energy restriction, as glucose production from ruminally derived propionate is limited by the feed intake. However, lactate is continuously produced by red blood cells and other anaerobic tissues, and gluconeogenesis from lactate is constant during several weeks of energy restriction (33) . Increased expression of LDHB and PC in energy-restricted cows has been reported previously (10, 31) , indicating that increased gluconeogenesis from lactate is important during periods of nutritional deficit.
The collective results reflect changes to hepatic metabolism that spare gluconeogenic precursors from oxidation and increase gluconeogenesis in an attempt to maintain steady glucose concentrations during the energy restriction.
Lipid Metabolism
Lipid-related pathways in liver were inhibited by the 3 wk energy restriction, including the biosynthesis of FA, fat digestion and absorption, bile acid biosynthesis, and the sphingomyelin pathway, all indicative of reduced synthesis and hepatic output of lipids, including cholesterols (10, 28) , as indicated by the inhibition of "ABC transporters" pathway. In contrast, FA oxidation was slightly activated. The energy restriction increased lipid mobilization from adipose tissue (20) and increased NEFA concentrations in the plasma of UF cows. Hepatic absorption of NEFA appears to be constant at ϳ25% rate (13) , and it is strongly linked to FA oxidation (4, 26) . This pathway contains acyl-CoA synthetase long-chain family member 1 (ACSL1) and carnitine palmitoyltransferase 1A (CPT1A); both transcripts were upregulated (1.6-and 1.2-fold, respectively) by energy restriction. Additionally, fibroblast growth factor 21 (FGF21), which plays a role in regulating hepatic lipid metabolism in conditions of negative energy balance (41), was upregulated 5.63-fold in UF cows. Increased FGF21 transcript abundance has been reported previously in mice that either ate a ketogenic diet or were fasted (35) and has also been reported to be increased in cows in negative energy balance (41) . Peroxisome proliferator-activated receptor gamma, coactivator 1 alpha (PPARGC1A) expression is regulated by FGF21, which in turn increases FA oxidation (35) . Consistent with this result, the expression of PPARGC1A was also upregulated 1.35-fold in the liver of UF cows in the present experiment.
FA oxidation is crucial during periods of energy restriction (33); however, previous reports on the effects of negative energy balance on transcription of FA oxidation genes are conflicting (10, 28, 31) . It has been suggested that increased FA oxidation is mediated by the expression of a few "key" genes in this pathway (e.g., CPT1A) and driven by abundance of substrate rather than increase in abundance of enzymes involved in the pathway (6) . Therefore, the increase in NEFA plasma concentrations in UF cows with a slight induction of FA oxidation is supportive of an overall increase in FA oxidation in UF compared with AF cows. However, the length or severity of the negative energy balance may affect the expression of genes involved in this process (10, 28, 31) .
The upregulation of FA oxidation and inhibition of the TCA cycle during an energy restriction may result in ketone body synthesis; ketone bodies can be used for energy to spare glucose (33) . Plasma concentrations of BHBA were greater in UF cows; however, transcript abundance of genes involved in ketone body synthesis did not change [3-hydroxy-3-methylglutaryl-CoA synthase 2 (HMGCS2), 3-hydroxybutyrate dehydrogenase, type 2 (BDH2)]. Increased ketogenesis is in agreement with the increased FA oxidation and NEFA absorption in the liver and, as previously discussed, may be driven by substrate concentrations (6) or posttranscriptional regulation of HMGSC2 (23) . Increased FA oxidation and BHBA synthesis indicate that the liver has adapted to the increased requirement for ketogenesis in UF cows by 3 wk of nutrient restriction.
Hepatic Stress
The increased expression of genes encoding the acute-phase proteins haptoglobin (HP, 2.53-fold) and heme oxygenase (decycling) 2 (HMOX2, 1.22-fold) in response to the energy restriction is indicative of an increased hepatic stress. Additionally, angiopoietin-like 4 (ANGPTL4) was upregulated 4.26-fold in UF cows and has recently been implicated in the acute-phase response (29) . Hepatic upregulation of this gene in response to ketosis and during early lactation has been reported previously (28, 31) . Plasma concentrations of AST were also increased in UF cows compared with AF cows, indicating liver damage or stress. The activation of the pathway "arachidonic acid metabolism" and in particular the increased expression of both glutathione peroxidase 3 (GPX3, 5.37-fold) and gammaglutamyltransferase 6 (GGT6, 1.65-fold) indicate disturbances in glutathione homeostasis, crucial in the response to oxidative stress (47) . This combination of both the gene expression results and the blood concentrations of AST indicates that the liver is under stress during the response to an energy restriction. Further work is required to determine if there is damage that limits the ability of the liver to respond adequately to the energy restriction.
Cytoskeleton Remodeling
Two pathways ("TGF, WNT, and cytoskeletal remodeling" and "cytoskeleton remodeling") were identified by GeneGo as altered, with several genes upregulated in response to the energy restriction. Additionally, "TGF-beta signaling pathway," "Notch signaling pathway," and "P53 signaling" were all downregulated in UF compared with AF cows. These results indicate a decrease in cell cycling, differentiation, and remodeling of the liver cytoskeleton. Studies investigating the effects of feed restriction in beef cattle report decreases in liver size (39) and increases in mRNA expression of multiple myosin and actin genes (9) , in agreement with the cytoskeletal remodeling identified in the current paper. The decrease in liver size was suggested to have a nutrient sparing effect as the size of the liver greatly affects energy expenditure (16) . Therefore a potential reduction in liver size or activity in energyrestricted cows may be a survival mechanism to spare energy.
Cellular Energy Status
Inhibition of pathways such as "oxidative phosphorylation" and "nicotinate and nicotinamide metabolism" indicates that mitochondrial respiration was reduced in UF compared with AF cows. Nicotinate and nicotinamide are precursors of nicotinamide-adenine dinucleotide, which is crucial for oxidative phosphorylation and many other redox reactions (40) . Nicoti-namide-adenine dinucleotide can also be synthesized from tryptophan (40) , the metabolism of which was also reduced by UF in the current study. Reduced oxidative phosphorylation due to feed restriction in dairy cows has been reported previously (1, 28) with the authors suggesting that this was because of reduced metabolic activity of the liver. This premise is supported by food restriction experiments in mice, whereby liver mass and mitochondrial respiration rates were reduced in mice fed 50% less for 3 days (14) . These results indicate that during an energy restriction in dairy cows, genes involved in oxidative phosphorylation are downregulated, indicating liver mitochondria are less metabolically active during an energy restriction.
Conclusion
In summary, a 3 wk feed restriction in early lactation induced many gene transcription changes in the liver, resulting in Ͼ2,900 DEG. Pathways identified from this list of genes were involved in the metabolism of glucose and fatty acids and acted in a coordinated response to spare gluconeogenic precursors and increase gluconeogenesis. There was increased use of FA as fuel and increased ketogenesis. Upregulation of the expression of genes involved in acute-phase response and higher blood concentration of liver tissue damage markers indicate that the hepatic changes in response to the energy restriction do negatively affect liver health. No genes were differentially expressed due to milking frequency. It is possible, that for a short-period of restriction, 1ϫ may have assisted in promoting a more positive energy balance (within 1 wk) as indicated by plasma measures; however, by 3 wk, homeorhetic mechanisms, such as the reduction in milk production, may have reduced the requirement for altered hepatic gene transcription.
